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Abstract: As interest grows in unmanned aerial vehicle (UAV) systems, UAVs have been proposed
to take on increasingly more tasks that were previously assigned to humans. One such task is the
delivery of goods within urban cities using UAVs, which would otherwise be delivered by terrestrial
means. However, the limited endurance of UAVs due to limited onboard energy storage makes it
challenging to practically employ UAV technology for deliveries across long routes. Furthermore, the
relatively high cost of building UAV charging stations prevents the dense deployment of charging
facilities. Solar-powered UAVs can ease this problem, as they do not require charging stations
and can harvest solar power in the daytime. This paper introduces a solar-powered UAV goods
delivery system to plan delivery missions with solar-powered UAVs (SPUs). In this study, when the
SPUs run out of power, they charge themselves on landing places provided by customers instead of
charging stations. Some advanced path planning algorithms are proposed to minimize the overall
mission time in the statically charging efficiency environment. We further consider routing in the
dynamically charging efficiency environment and propose some mission arrangement protocols to
manage different missions in the system. The simulation results demonstrate that the algorithms
proposed in our work perform significantly better than existing UAV path planning algorithms in
solar-powered UAV systems.
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1. Introduction

As unmanned aerial vehicles (UAVs) become increasingly popular, their applications
for drones/UAVs (drones and UAVs can be used interchangeably, although many profes-
sionals in the industry believe UAVs need to have autonomous flight capabilities, whereas
drones do not; in this study, we only talk about UAVs in the form of quadcopters) are
developed and expanded to many civilian or military areas. Soon, UAVs are predicted to
play a significant role in the intellectualization of urban cities. However, the limited battery
capacity makes it difficult for UAVs to finish long-distance/long-term missions without
any power charging on the way.

In some UAV delivery systems, the solution is to build many charging stations along
the way, so that UAVs can carry out longer missions. For example, in [1-3], charging
stations were built for UAV power supply. Unfortunately, it is costly and sometimes illegal
to build charging stations on rooftops or personal property in urban cities. Although some
hosts are willing to have charging stations on their property, other issues arise, such as
the power, the safety of the station and potential UAV-caused accidents. It is, therefore,
challenging to build UAV charging infrastructures in both public and personal places.

Solar-powered UAVs can harvest sunlight power anywhere in the daytime given
suitable weather. As a result, to achieve more extended distance/time missions by UAVs
without building many charging infrastructures, we propose an autonomous solar-powered
UAV delivery system to take over the traditional delivery work in urban cities. In our
proposed system, places such as roofs of buildings (the study in [4] presented potential
solar energy stations on rooftops in modern cities that can be easily discovered by UAVs),
high grounds in parks and small places in people’s gardens are identified as possible
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charging places on city maps. It is much cheaper and more efficient to simply utilize
such places as they are rather than building charging infrastructures there instead. In the
proposed system, hundreds of solar-powered UAVs are prepared in stores with thousands
of charging places determined throughout a city. When the system receives a delivery
mission, it automatically finds the proper UAV that takes the least amount of time to finish
the task. Since the UAVs can run out of power during the mission, the system helps with
UAV path planning and determines how much time they need to stay on each passed
landing place for solar power charging. In previous studies, authors paid more attention
to path planning for solar-powered UAVs to harvest more energy during the flight (for
fixed-wing UAVs), and no path planning methods were proposed for solar-powered UAV
delivery systems. Thus, we believe it is necessary to comprehensively analyze the routing
problem in solar-powered UAV delivery systems.

This study discusses the path planning problem by considering both the distance and
the energy charging efficiency, since SPUs are applied here. The charging rates (efficiency)
(the charging rate here represents the charging speed of a solar panel in a landing place in
units of energy per minute, depending on the illumination/radiation level of the landing
place) of different charging places differ in our scheme. Sequentially, we perform a trade-off
between the distance and energy charging efficiency in this problem. The charging efficiency
can either be static or dynamic in UAV systems. If the charging efficiency is considered
static, it means the energy price in the normal UAV delivery system or the charging rate
in the solar-powered UAV system is considered constant for each landing place. At the
beginning of our study, both the optimal charging time assignment (CTA) algorithm and
the globally optimal path planning algorithm (GOA) with pruning strategies are proposed
to solve the path planning problem in the statically charging efficiency environment. As
described in the solar radiation model proposed in [5], we also consider a dynamically
charging efficiency in our study. It is much more efficient to charge the UAV in the period
close to noon than in earlier or later daytime. Hence, the path planning problem became
more complicated here. To solve the routing problem in the dynamically charging efficiency
environment, we also propose a dynamically greedy CTA algorithm to further reduce the
charging time on a known path. In addition, a heuristic path planning algorithm based
on the dynamically greedy CTA algorithm is proposed to reduce the path finding time.
Finally, some protocols are proposed to optimize the global UAV delivery works in the
whole system.

The main contributions in this paper include the following:

1.  We propose globally optimal CTA and path planning algorithms for UAV delivery
problems in a statically charging efficiency environment. Previous studies have not
proposed such globally optimal algorithms.

2. We propose a greedy CTA algorithm and a heuristic path planning algorithm for the
solar-powered UAV delivery problem in a dynamically charging efficiency environ-
ment, which has never been proposed before.

3. We are the first to propose a SPU delivery system with a prototype, system design,
and protocols to operate different missions.

The rest of this paper is organized as follows: Section 2 compares our study with
related works. Section 3 proposes the path planning problems we encounter in the SPU
delivery system. Section 4 proposes the CTA algorithm and globally optimal path planning
algorithm for a single SPU mission in a statically charging efficiency environment. Section 5
proposes a dynamically greedy CTA algorithm and heuristic SPU path planning algorithm
to solve the SPU routing problem in the dynamically charging efficiency environment.
Section 6 proposes the mission arrangement protocols to solve the system-level problems.
Section 7 proves the feasibility of applying SPUs in delivery works. Section 8 presents the
simulation results for our proposed algorithms. The last section concludes the paper and
suggests future work.
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2. Related Studies

The subject of this paper was to solve the path planning problem in solar-powered
UAV delivery systems, whereas no other studies explored the same topic as our study. Most
papers about solar-powered UAV path planning have focused on fixed-wing solar-powered
UAV path planning, which plans the optimal path to create wings with solar panels that
can harvest the most power during the flight, such as [6,7]. However, since we aimed to
work on the UAV delivery problems, it was not practical to apply fixed-wing solar-powered
UAVs in this study. (Fixed-wing UAVs require runways to take off and land on, and it
is not practical to build a lot of runways in modern cities. In addition, in our study, the
optimization of charging time on a series of landing places was considered, whereas in
fixed-wing solar-powered UAV path planning problems, the optimization of continuous
charging efficiency on different flight paths is generally considered. Thus, we did not
compare our proposed algorithms with any algorithms applied to fixed-wing UAVs.) As a
result, we focused on the path planning problem for solar-powered quadcopters, which are
more practical for delivery missions.

Some other studies discussed that the path planning problems of UAVs were related to
obstacle avoidance, such as [8,9]. In our study, we ignored this kind of problem because we
assumed that UAVs would fly to a safe altitude where no obstacles needed to be considered.
Consequently, we focused on finding the best route for UAVs to finish a delivery mission
with several landing times. Thus, we did not compare our algorithms with such kinds
of studies.

Hence, we compared our study with papers related to quadcopter path planning
problems and UAV delivery problems. As described in [10], since UAV path planning
problems are always treated as being NP-hard (nondeterministic polynomial-time hardness)
problems, the time complexity and complexity of the problems increase in complex terrains.
They pointed out all the challenges for solar-powered UAV implementations, but did not
give a particular solution to the UAV delivery path planning problem. In addition, different
from fixed-wing UAVs, solar-powered quadcopter path planning problems are mainly
affected by distance and solar power factors. Thus, in our study, we focused on the trade-off
between energy charging and flying distance to find the best route. The authors of [11]
concluded that in UAV routing problems, which require the finding of a set of locations
as paths, authors are always trying to find a path that minimizes the operational cost.
Accordingly, in our study, this cost stood in for the mission time, since no money was
deducted during the solar-powered UAV delivery missions.

For UAV delivery research, such as [12-14], authors proposed routing algorithms for
UAV delivery problems with the help of ground vehicles. Solar-powered UAVs are not
appropriate for these delivery systems, because it takes more area to charge them than
normal UAVs and requires a safe charging environment, while, in [15,16], the authors
studied the path planning algorithm for the coverage plan of delivery customers. The UAV
delivery system was discussed in some studies before, such as [17-19]. For example, in [17],
the authors focused on the optimization of mission scheduling, while in our study, we
focused on the optimization of path planning. Thus, the algorithms proposed in such kinds
of studies cannot be compared with our study as well.

Studies from [1-3,20,21] were quite like our study. All these studies talked about path
planning algorithms in UAV delivery systems with charging stations deployed. However,
authors of [1,3,20] proposed heuristic algorithms to solve the path planning problems
in UAV delivery systems, whereas authors of [2,10] proposed Dijkstra-based algorithms
to solve the path planning problems. Since we are the first to propose path planning
algorithms in solar-powered UAV delivery systems, it is quite difficult to compare our
proposed algorithms with existing heuristic algorithms. The existing heuristic algorithms
for UAV delivery path planning did not consider the factor of dynamically charging
efficiency, which is very important in solar-powered UAV delivery routing problems.
Additionally, in our study, we completed a comprehensive study of the optimization of
solar-powered UAV routing problems, which has never been performed before. However,
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it is difficult to compare our proposed algorithms with existing heuristic algorithms, since
the weights of factors were different.

On the other hand, when compared to Dijkstra-based algorithms, our proposed algo-
rithm was much better, because of the introduction of charging time assignment algorithms.
In Dijkstra-based algorithms, authors assume that UAVs always charge themselves to a
full battery state without considering CTA plans (in Dijkstra-based algorithms, the cost
between nodes should be constant, and if UAVs are allowed to be partially charged in a
charging station/landing place, the cost between nodes becomes a variable when the paths
change). As a result, the Dijkstra-based algorithms cannot obtain globally optimal solutions
in any scenarios where UAVs can be partially charged. More specifically, we proposed
different CTA algorithms that modified the linear greedy algorithm proposed in [21] for
vehicle recharging in the UAV delivery system. In a statically charging efficiency environ-
ment, our proposed CTA algorithm had an advantage compared with the linear greedy
algorithm in SPU problems, because we could prune the path if any node was assigned
0 charging time by the linear greedy algorithm and reduce the total mission time in some
cases. In a dynamically charging efficiency environment, our proposed dynamically greedy
CTA algorithm further optimized the linear greedy algorithm with a local minimization
operation and increased its efficiency when dealing with SPU path planning problems.
With the great advantage brought by our proposed CTA algorithms for solar-powered UAV
delivery systems, our proposed path planning algorithms showed obvious improvements
compared to Dijkstra-based algorithms.

3. The Proposed Model of SPU Delivery System
3.1. SPU Delivery System

To replace the human work in delivery systems in urban cities, we proposed a system
with solar-powered UAVs, which allowed for energy charging on landing places during
their missions. There are two kinds of solar-powered UAVs, fixed-wing SPUs and multirotor
SPUs. We chose multirotor solar-powered UAVs, because it is difficult for fixed-wing SPUs
to lift and land in urban cities. In addition, it can be inefficient, and unsafe for multirotor
SPUs to fly with their wings expanded during delivery missions when they are expected to
carry heavy payloads. Thus, we preferred the transformable multirotor SPUs from [22],
because, during the flight, the solar panels can be folded and unfolded again when landing
to charge. The feasibility study of such an SPU is discussed in Section 7. Each UAV could
only carry one package at a time, since the payload of a single UAV is limited.

Therefore, the solar-powered UAV delivery system could be built with three elements:
delivery stores, solar-powered UAVs and landing places. The packages were stored at deliv-
ery stores, and these were the start nodes of the delivery missions. The solar-powered UAVs
that carried out the delivery missions charged themselves on landing places. The landing
places could either be intermediate nodes or the destination of the delivery missions, and
in some emergency or the return voyages, they could be the start nodes as well.

In the proposed system, we assumed that the system would operate during the
daytime, with optimal weather conditions for flight and solar power charging. As the
energy required for flying was larger than the capacity of the battery, the UAVs periodically
needed to land and stay grounded until having accumulated enough energy to continue
their mission (this is reminiscent of the way that flying bugs travel, such as flies or bees,
where these bugs periodically land to rejuvenate); we referred to such times as charging
times. The charging rates at different locations were typically different and were assumed
to be known (or approximately predictable) to the path planning facility. The goal of the
proposed algorithms was to minimize the sum of total flying times and charging times, (see
Equation (1) below). Thus, the proposed algorithm determined the path the UAV should
follow, and how much time the solar-powered UAV should stay at each passed landing
place. Note that for any UAV delivery mission, the path with the shortest distance may not
be the path with the shortest total mission time. In other words, we determined a trade-off
between flying distance and energy charging efficiency. In practice, the solar-powered
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UAV path planning problem was more complicated, since our path planning algorithm
was proposed for solar-powered UAVs and the charging rate in any landing place varied
in the daytime; we also needed to find the best path planning algorithm in a dynamically
charging efficiency environment. Finally, after finding the best path planning algorithm for
each SPU delivery mission, the arrangement protocol for hundreds of missions was needed.

3.2. SPU Routing Problem Definition (Statically Charging Efficiency)

Before we optimized the whole SPU delivery system, we needed to solve the SPU
routing problem for a single UAV. The ultimate objective of this path planning problem,
called the single SPU problem, was to find a path that minimized the total mission time.
The following diagram shows an example of a single SPU problem in our proposed system.

In Figure 1, the single SPU problem was designed to find a path from node 1 to node
10 with minimized mission time. Path 1-3-8-10 was a candidate optimal solution to this
problem. The UAV started at node 1 then landed on nodes 3 and 8 to charge itself, and then
arrived at node 10 if the system assigned this routing plan to it.

3 =
| * landing places|
E 2 *2 9
@ 7
o *5
8
S 1 | 6
d/g‘\s\ﬂ
O " L "
0.5 1 1.5 2 2.5

distance/km

Figure 1. Example of a single SPU problem.

To simplify the routing problem, we ignored the lifting and landing time and energy
costs in this routing problem, since they were negligible when we considered a long-term
journey by the UAVs. However, it was still not simply a problem of finding the shortest
path, since there was a trade-off between distance and energy charging for any path. For
example, even if the length of a path was short, the total mission time would still be long
because the charging efficiencies of the nodes along this path were low, and it would
take much more time for the UAV to charge along this path. To deal with this issue, we
simplified the path planning problem with Assumptions 3.2.1-3.2.3, discussed below.

The path planning problem was equivalent to a mission time minimization problem:

minTyo, = min (Ttotal—ﬂight + Ttotal—charge) 1

where Tiotafight represents the total flying time and Tiotal—charge Tepresents the total charg-
ing time during the mission. Ty, is the total mission time that we wanted to minimize.
Further, we assumed that the charging efficiency at node x, defined as the fraction of the
maximum charging rate of the UAV’s energy storage, was py. If node x had the maxi-
mal possible charging rate (i.e., sufficiently large radiation that allowed for the maximal
charging rate of the UAV energy storage), p, = 1, then, in general, 0 < p, < 1.

We defined the problem formally as follows: given a geographical (local) map with
marked n locations (called nodes): Vigcar = {V1,V2,..., Vn}, where vi = vg is the start
node and v, = vp is the destination, and vy, ..., v,_; are possible landing places on the
geographical map. At first, a graph was generated to describe the reachability relation
between the nodes G = (Vigcal, Ereachable ) Ereachable = {€1,€2, ..., eém} represents all the
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Pmax
charge(max)

Ttotalfﬂight - Tﬂight(max)

edges that follow lo; < dmax, Where l¢, is the length of edge e;, and dpax is the maximum
one nonstop flying distance of the UAV with its energy storage maximally charged. Then,
the SPU path planning problem could be described as the mission time minimization
problem with Equation (1) when graph G and distance dmax were chosen.

Letls_p denote the straight-line cross node vs and node vp. Additionally, let e;; denote
the edge between nodes v; and v;.

Assumption 3.2.1. G is a graph as defined above for all the edges in E,qqchapie- Line ls_p needs to
be the parallel line of the X-coordinate in the local city map. The coordinate of node vs is (0, Ys)
and the coordinate of node vp is (Xp, Ys). For any edge in Eyeqcpaple as e;j, assume the coordinate of
node v; is (X;, Y;) and the coordinate of node v; is ( X, Y;), always keeping X; > X;.

This assumption ensured that the UAV did not fly significantly “back” to nodes
away from the destination. Additionally, circulations in paths were also eliminated with
this assumption.

For any given path Py = [Vs,Vkl,sz e Vi, VD} , where vy, ..., Vi, were possible
landing places along the path, Tyt flight was fixed, because the speed of the UAV and
the distance between any two nodes were fixed in G. As a result, Equation (1) could be
written as:

minTipy = Ttotal—ﬂight + min (Ttotal—charge> ()

Assuming that the number of nodes in Py is L, Tiotal—flight = Zg;g Thight(max) X

dig—
%, where Tgigpi(max) is the maximum flying time for a fully charged UAV, dmax

is the maximum distance a UAV could fly with a fully charged energy storage, di
)th

q+1

represents the distance between node Vig and node Vi (qu isthe (q+1)" node in Py),

— L-2 :
and the start node vg = vy, on path Py. Tiotal—charge = i1 Tcharge(ki)f where Tcharge(ki) is
the charging time in node k;. Subsequently, if the path is known as Py, the total mission
time along path Py can be calculated as:

L=2 di, .k 1 L=2 Tcharge—est(k;
Tiotal = § ‘,Tﬂight(max) X ;1H =+ 2 : & () @)
q=0 max i=1 Py

where T represents the estimated charging time at node k; when py, = 1. Then,

Tcharge—est(ki)
Pk; )
Tiotal—charge depended on the charging time assignment plans along a path Py; e.g., one
possible scheme was that we assumed that the UAV was charged only to the level needed
to reach the next node on the path. In general, the approximate range of Tiotal—charge cOuld

be found with the following formula:

charge—est(k;)
the actual charging time for any node k; could be obtained with Teparge(x) =

Ttotalfﬂight - Tﬂight(max)

Pmin

4)

< Ttotal—charge < Tcharge(max)

Tﬂight(max) Tﬂight(max)

where p,,;, represents the minimum charging efficiency for all charging places on a local
city map, pmax = 1 represents the maximum charging efficiency for all charging places and
o represents the total time to charge the battery from empty to a fully charged

charge(max)
state when the charging efficiency was p. TS}‘I‘:‘nge (max) = pmian}g;‘ge(max>.

Assuming that E, was the remaining power in the UAV when the UAV reached the

(p+ l)th node on path Py, R, represented the charging time to charge the UAV battery to E;,

when charging efficiency was p,¢. Assumption 3.2.2 was created to simplify the derivation:

Assumption 3.2.2. R; = Rg = TFmax % if Thotal— flight > Ttiight(max)- R = Rp = 0.

charge(max
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Assumption 3.2.2 supposes that we always had a fully charged UAV at the beginning
of a mission. If the UAV could not fly from node S to D without recharging, meaning that
Tiotal—flight > Tﬂight(max), we assumed that when the UAV reached the destination it had
no remaining power. On the other hand, if Tiotal-flight < Tfight(max), We did not need to
consider the energy charging time of any path, because we did not need to charge the UAV
during its mission.

We also ignored the landing and lifting-off times, as those are typically negligible
relative to the flight time between two nodes on a path:

Assumption 3.2.3. The lifting-off times and the landing times of each mission were assumed to
be negligible.

Besides the assumptions above, we needed to claim that, in this study, the energy
charging time and distance between nodes were the only two factors we took into consider-
ation. Here, we assumed a fixed flying speed for all solar-powered UAVs in this problem
to simplify the path planning problem, since energy and distance are more crucial for
solar-powered path planning problems.

In addition, to finding an optimal charging time assignment plan for any path Py, we
recorded the sets of reachable nodes for every node vy in Vi as U; = {Uy, Uy, ..., Un}.
Any node vj in reachable set Uy should follow di_)j < dmax and Xj > X;. For example, in
Figure 2, for the start node v, which was node one, nodes two, three and four were in the
blue circle with the center as node one and the radius as dmax. Consequently, the reachable
set of node one was U; = {2, 3, 5}.

W

distance/km
[\

1 -
| * landing places|
s ; 4 #7, *9
fibn
2 3 4 S

distance/km

Figure 2. Reachable nodes of a node in the local city map.

The routing solution in the statically charging efficiency environment, as described by
Equations (1) and (3), was solved in Section 4.

3.3. SPU Routing Problem Definition (Dynamically Charging Efficiency)

In our SPU path planning problem discussed above, we considered the charging
efficiency py, of the node k; as a fixed value. However, in practice, the charging efficiency
is a variable and varies during the daytime; thus, it is time dependent: py (t). Solar
radiation/illumination prediction is of great importance for many applications in a modern
city [5], and we could see from [5] that the solar radiation in a place can be approximately
represented by a curve.
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In our study, we adopted the time-dependent solar radiation model called the S.
Kaplanis’s model from [5], shown in Figure 3 (the Y-axis label was replaced with charging
efficiency, as defined in this paper):

7'C(t — tpeak)

tend

P (1) = (g ) +ag ) cos 5)
where tg = 0 represents the time of 6:00 a.m., tyeax = 360 is the peak time of radiation,
which was noon, and te,g = 720 represents the end of the daytime, which was 6:00 p.m.
(since the unit of time in our study was minutes). Taking the example from [23], where
the mean annual solar radiation in the state of Hawaii was shown, we could say that in
different places in the same city, radiations are different, so the prediction factors a; and a
in Equation (5) were location dependent.

1

charging efficiency
< < o
E - [=2] o]

&
)

0 200 400 600 800
time passed after 6:00 am (minutes)

Figure 3. S. Kaplanis’s charging efficiency prediction from [5].

Thus, based on the radiation data collected in any potential landing place, we could
generate the radiation prediction formula per Equation (5) with a simulation of the de-
trending model in [5]. Then, the total mission time along path Py could be expressed with
Equation (6):

L2 die x L=2 T o roeest(k) (i1 — tio)
Tiotal = Z Thight(max) dq a1 | Z charge tieles( ) (6)
q=0 max. =] Jog Proydt

where tjg represents the time that the UAV arrived at node k; and t;; represents the time
the UAV left node k; at. When t;g and t;; for each node were determined, we could find
the value of Ty, with Equation (6). To solve the total mission time minimization problem
described by Equation (6), we studied how these variables affected the total mission time
and tried to find the corresponding algorithm for the dynamically charging efficiency
environment in Section 5.

3.4. Mission Arrangement of Problems Definition

The final problem of our study was to plan a UAV delivery system with multiple UAVs
operating at the same time. There could be a large number of possible landing places on a city
map. We assumed to have a multitude of C missions M = {m;, my, ... , m¢} to perform ev-
ery day, and there was a set of UAVs (with B UAVs prepared) UAV{UAV;, UAV,, ... , UAVg}
that could be used to execute these missions.
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Considering the coordination of the missions in the whole city, the problem described
by Equation (1) was changed to:

c
minTiota1—mission = Z Ttotali 7)
i=1

where Ty, is the total time of the ith mission, all the missions had to be completed and
the total mission time Tyota1—mission had to be minimized.

In Figure 4, the ten stores were marked with red circles and one hundred possible
landing places were marked with blue crosses. The mission destinations were some of the
landing places.

’ . 35 * nodes
& e E © stores
#1205 - %03
25 ¢ 420 #39 #54 #8811
*2 #652 80
*10 P 6
E 2ol 1 *Qé ﬂﬁ?% #63 *@4
E | »s #5, 2 82 359
8 #23 #4q*46 #6 g
c 15 43q *8 #3 1
= #6413 %248 476478
= #2730 #6570 *9
° ot 7 o 108 s g, 8O
% o , 6,45 77 Job
a5t  *¥le w2 @ 449 467 100
48614 %36 BT 46 430
s 18402
# 418 #60 63

0
]

0.5

1

15

2

25

distance/km

Figure 4. City map with landing places (nodes) and stores.

In the whole proposed SPU delivery system, we needed to consider the
following problems:

1. Whether the space in each landing place was limited.
2. Whether the local city map needed to be updated from time to time.
3. Whether the system should be able to handle emergencies caused by bad weather.

Section 6 further addresses the above problems by our proposed protocols.

4. Proposed Routing Algorithms (Statically Charging Efficiency)

In Section 2, we mentioned that the algorithm in [2,3] did not yield a globally optimal
solution. Their CTA plan was not optimal for any given path because, in their assumption,
the UAVs always charged their battery to a full battery state. For example, in Figure 5, on
the 1-5-9-10 path, let us say that the charging efficiency on node eight was much larger
than on node three. When we reached node three, as opposed to fully charging the battery,
we only needed to charge enough to reach node eight. This plan was more efficient
than plans determined by [2,3]. When we considered both the total flying distance and
energy charging efficiency in the path planning problem, even though the path found by
the Dijkstra algorithm had a minimized distance (the distance for the Dijkstra algorithm
here was from a drone navigation and charging station (DNCS) [2], which was calculated
with the summation of flying time and charging time under the scenario of UAVs always
charging themselves to a full battery capacity in any station/landing place [3]) of a mission,
the path found by this Dijkstra algorithm may not have been the optimal one. For example,
in Figure 5, assume that the Dijkstra algorithm found an optimal path 1-5-9-10 for the
following graph. However, node nine had a much higher charging efficiency than nodes
along path 1-5-9-10. Thus, if we charged the UAV on node nine on path 1-4-5-9-10, the total
mission time Tyo, could be smaller than that on path 1-5-9-10 obtained with Dijkstra’s
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algorithm. Thus, to find a globally optimal path planning solution for the SPU delivery
mission, we needed a principle to traverse all the possible paths and to find the optimal
charging time assignment along each such path.

3

*2 ‘ * landing places|

N

distance/km

0 i . #6 ; '
0 0.5 1 15 2 2.5
distance/km

Figure 5. An example of a ten-node local city map.

The algorithm proposed in this section found a globally optimal solution of the SPU
path planning problem in a statically charging efficiency environment with an acceptable
running time complexity (our proposed algorithms worked on local city maps with at most
hundreds of nodes).

4.1. Changing Time Assignment Algorithm

The algorithm presented in this section was a simple globally optimal algorithm (GOA)
for solving the problem described in Section 3.2. Namely, the solution to this problem was
just a combination of the path traverse algorithm with a depth first search (DFS) and the
charging time assignment (CTA) algorithm. The CTA algorithm was necessary in the case
that a UAV was unable to reach the destination and needed to find the next landing place
for charging before completing the mission.

If a UAV could not fly without recharging to the destination from the current node
(including the start node), it needed to find the next landing place for energy charging. This
was where the CTA algorithm was necessary.

Assuming the UAV at the time was in the wth node on path Py (w > 1), it could reach
the next h nodes along path Py (which meant the distances between the w node and its
next h nodes were smaller than dmax) and the flight time to reach the current wth node was
Thight—total(w)- FOr any wth node on path Py, assume that the reachable set for the wi" node
was Up, (), and the set up, () (u P.(w) = Pk NUp () i€, up, () contained only the
nodes that were both in Py and Up (). Letset Zp () = Pk 1) denote the charging

efficiency of the wih node on path P and Px_y denote the part of the path from the X'
node to the Y node.

Theorem 4.1. If there existso (0 > 1) such that the (w + 0)™ node on the pathPy has a larger
charging efficiency than all the other nodes in u p (), pathPy cannot be an optimal path.

Proof of Theorem 4.1: Assume the (w + 0)th node (o > 1) has a larger charging efficiency
than all the other nodes in up, (). Additionally, assume two charging plans A and B.
Plan A included all the nodes on the path in Py, and in plan B, we skipped the nodes
between the w't node and the (w + o)th node. Then, Tyyia1 - fight(planB) < Ttotalflight(planA),

because the distance of the straight line between the w" and (w + 0)th nodes in Py, was
never larger than any other path between the nodes that went through other nodes. In fact,
Tiotal—charge(planB) < Ttotal —charge(plana), Pecause we did not waste time to charge the UAV
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on nodes between the w" node and the (w + 0)th node, of which the charging efficiencies

were lower than the (w + o) node. Thus, Tiotal(planB) < Ttotal(plana)- Accordingly, plan A
with path Py could not be an optimal path. [J

Lemma 4.1. Assume we are currently in w' (w > 1) node in Py. Ifany Y node before the w' node
along the path Py can reach the w'" node, and node Y has a larger charging efficiency than any other
node along the part of Py from w to 'Y, Py should be pruned.

Remark 4.1. With the linear greedy algorithm in [21], if we pruned all the paths that satisfied
Lemma 4.1, then we would have the following equation to calculate the total charging time on the

(w+ 1) node in Py:
Pmax
If max{Z(w +1)} < Pk Lcharge—total(w+1) = Lcharge—total (w) W
If max{Z(w+1)} > Pk 0T W = L =2, Tehargetotal(w-+1)
(T8 < 1~ R ) ®)
= Teharge—total(w) T B,

w)
where {Z(w + 1)} represents the set of charging efficiencies of nodes in u p_(,11). If we
charged the UAV to full capacity in the w node, Ry, ;1 = Tom — Thmax

charge(max) charge(max) X

di, |-k
—1 W, 3 —
 — otherwise, Ry 11 = 0.

It was shown in [21] that if there existed an optimal solution, the greedy algorithm of
Equation (8) could discover it.
We, hereby, present Algorithm 1 to find an optimal CTA on path Py:

Algorithm 1: CTA algorithm.

Input: Path Py, graph G, charging efficiency Z for all the nodes in Vj,,j, reachable set U

Output: Minimized total charging time Teharge—total along Py and charging time on each node k;,
which is Tparge(i)

Variables: w, v

l.Forw=1:L—-1

2. Forv=w-1:1

3. If the (w + 1)th nodeisinup, ) and Zyp 1) is larger than any other node
along P, _ (1), path Py is dropped (by Lemma 4.1)

4. Break

5. End//drop nonoptimal paths

6. End

7. If Py is kept, the next node is the next landing place. Additionally, in this (w + 1)th

node, the UAV is charged and allowed to have enough power to reach the (w + 2)th

node. Update Tparge total(w+1) With Equation (8)
8. End/ /assign charging time according to Equation (8)
9. End
10. Return Tchargeftotal(L) and Tcharge(ki)

Algorithm 1 was applied to find the optimal charging time assignment plan in any
statically charging efficiency environment and could be tested by comparing the total
charging time it found with what the other algorithms found. Since the CTA algorithm
took O(n?) and time path generation algorithm took O(n?), the total running time was
O(n*) if we just processed the CTA algorithm on all the possible paths and then found the
optimal path.

Reference [21] proposed a related algorithm for vehicle refueling policies. In their
study, cars needed to find a reachable refueling place with the lowest price at each stop.
However, in UAV path planning problems, if we wanted to skip a node along a path, it
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would not be necessary to pass this node, and we could just fly straight to the next node.
As a result, in our SPU path planning problem, the path was changed when we decided
to skip a node along the path. In addition, our proposed Algorithm 1 was different from
the linear greedy algorithm in [21]. For example, assume we had two nodes A and B on
path P, and there were some nodes between A and B on path P. In the scenario from [21],
to decide if A could reach B, the total distance along A to B on path P should be smaller
than dmax. However, in our SPU routing problems, A reaching B meant that the cartesian
distance between A and B was smaller than dmax.

4.2. Globally Optimal Routing Algorithm

As discussed above, nonoptimal paths were dropped during the CTA algorithm.
However, it was more efficient to prune these nonoptimal paths during the path generation
process instead of the CTA process. As Lemma 4.1 claims, in each branch generated with
the DFS algorithm, for each new generated node v; along path P, if any node along path P
before v; could reach v; and all the nodes between them had lower charging efficiencies
than vj, path P should be pruned. Therefore, we skipped node v; and found the next
node to generate a new path. If there was no path allowing the UAV to finish the delivery
mission, the system reported a failure.

Another pruning strategy was to use the result of the Dijkstra algorithm as a guide to
evaluate if a generated path could be a candidate for a globally optimal path. Combining
this with the strategy based on the CTA, the complete GOA with a pruning strategy for
SPU is depicted in Figure 6.

City map generation

Path generation by

DFS
Prune this
path and start
from another Should be _
branch pruned by Prune this

Lemma 4.1? path and start
from another
branch

Ttatal(candidate) <
Ttotul(MEFT) 2

Calculate Tyoq for
current path

Find the optimal path with
minimum Ty qr

Figure 6. The GOA algorithm with pruning strategy.

The result of the Dijkstra algorithm represented an upper bound for the total mission
time, and at the beginning of the GOA algorithm processing, the result of the Dijkstra
algorithm was set as the maximal estimated flying time (MEFT), Tyqa1(mErT): Ttotal (MEFT) =
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Tiotal(dijkstra)- With this bound in mind, we calculated the total mission time for the current
path, Tita1(candidate), With the iterative application of Remark 4.1 and general Equation (3).
Algorithm 2 shows the detailed process for GOA with pruning.

Algorithm 2: GOA with pruning.

Input: Graph G, Ty a1(MEFT) = Ttotal(dijkstra)- charging efficiency Z for all nodes in Vigcal,

reachable set U

Output: Minimized total mission time Ty, and the optimal path Poptimal

Variables: L, w, v

1. While all the possible unpruned paths are generated,

2. Process the DFS path to find the algorithm and initialize the current generated path to
Py = [vs, Vi, , Vi, - - - Vi, _,], and assume to now be in the wth node in Py which is
Vi and the next node of Py is Vi Additionally, the total mission time arriving node
Vi 18 Tiotal(candidate) -/ /Path generation

3. Forv=w —1:1,

4. If the (w + 1) node is in u P (w) and Z p, (1) is larger than any other node
along P,_ (1), path Py is pruned and any path starting with Py is pruned as
well

5. Break//pruning strategy by Lemma 4.1

6. End

7. End

8. If Py is unpruned by Lemma 4.1, add vy, to Py and calculate Ty, a(candidate) When vig

is added

9. If Ttotal(candidate) > Ttotal(MEFT)f

10. Py is pruned and any path starting with Py is pruned as well

11. Else, if Ttotal(candidate) < Ttotal(MEFT) and v, =vp

12. Ttotal(MEFT) = Ttotal(candidate) and Poptimal =Py

13. Else, if Ttotal(candidate) < Ttotal(MEFT) and v, # vp

14. Back tostep 1

15. End//find candidate optimal path by comparing

16. End

17. Return Ttotal(MEFT) and Poptimal

Algorithm 2 was applied to find the optimal path for the SPU delivery problem
in the statically charging efficiency environment and could be tested by comparing the
total mission time it found with what other algorithms found. The running time of the
unpruned GOA was O(n*). However, since we only processed the CTA on unpruned
paths, we only needed to calculate the total mission time with Equation (8) on these
paths. Consequently, the running time of the pruned GOA could save time exponentially,
according to the experiment in Section 8.1. Additionally, the great improvement by the
GOA in the experiment also showed that it was necessary to carry this out, because we
could significantly save customer time with the GOA. (The GOA could also be applied in
other kinds of UAV path planning problems, where the charging efficiency is static. For
example, in the path planning problem from [2], when the cost coefficient of time and
money was fixed, the charging (cost) efficiency became a fixed value, which was related to
the price of energy in different nodes. In such kinds of problems, the GOA could be applied
and an optimal solution could be obtained as well.)

5. Proposed Routing Algorithms (Dynamically Charging Efficiency)

As described in Section 3.3, the charging efficiency for any landing place varied with
time throughout the day, as shown by Equation (5). Given path Py = {Vs, Vi Vig -+ Vigs VD} ,
the estimated total mission time could be calculated with Equation (6). However, there were

different kinds of variables in Equation (6), such as Tqarge —est(k;), tio and tiy, which caused
it to be difficult to find a minimized solution of the total mission time. Thus, in this section,
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we further analyzed this minimization problem and proposed SPU path planning algorithms
regarding the dynamically charging efficiency.

5.1. Advanced Routing Problem Analysis (Dynamical Charging Efficiency)

In any known path Py = [Vs,Vkl,sz e Vi) VD} in graph G = (Viocal, Ereachable)
represented in Figure 7, the total mission time was calculated in Equation (6), when the
charging efficiency was dynamic.

o O o
@

Figure 7. Path P, which contains nodes [VSrVkerkz e Vig VD} .

@

Since, in Equation (5), we could not compare the real-time charging efficiency of
two different landing places when we did not know the time t the UAV would arrive
at these charging places, the pruning strategy by Lemma 4.1 in Section 4.1 could not be
applied in the SPU path planning problem with dynamically charging efficiency. It was also
difficult to compare the total mission time of two paths unless we found a proper charging
time assignment algorithm for each path, as well as there being too many variables in
Equation (6). Please note that, in Equation (6), the total flying time for a UAV mission,

digs
which was Tiotal—flight = Z]&;g Tﬂight(max) X Zm , was only determined with path Py;

the total mission time minimization problem, therefore, was only determined by the total

. Hence, if we found the

L-2 charge est(k; (tilftiO)
Z‘41 1 ftio
minimized total charging time with a CTA plan and then compared the total mission time
for all possible paths from node S to node D, the mission time minimization problem could
be solved.

Firstly, Equation (6) needed to be further analyzed to find a more general description
of the total mission time minimization problem. Thus, in this section, we tried to simplify
the variables in Equation (6). We started by studying the relationship between Teparge —est(k;)
and tjp, t;;. In any intermediate node (nodes except for the start node and destination) k; on
path Py, the exact charging time Tp,ge(k;) could be calculated with Equation (9):

charging time, which was Tiotal—charge =

- Tcharge—est(ki)(til - tiO)
charge(k;) — t o
tio

T

)
(nde

where ft‘((’t 17;} ) represents the averaged charging efficiency on node k; between times tj

and ti;. Moreover, Tepapge(k;) could also be calculated with Tepapge(x;) = tin — tio- Thus, we
had the following equation:

Tcharge est(k )(tll th)

ti1
tiO pkl (t) dt

=ty —tio

tin
Pk (1) de = Tcharge—est(ki) (10)

i
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If we wanted to charge the UAV from an empty to full battery state, Teparge est(ly) =
TOmax - (In addition, with dynamically charging efficiency, we always had Teparge(i;) >

charge(max)
Teharge —est(k;)- SINCE P () < 1 and ftlo k(v t o 1.
With Equation (5) and Figure 3 we could find the relations between a; (i) and ap(y):

(1) aju;) = 0; with Figure 3, when t=tg = 0, we had py,) = 0. Thus, (ajy )+

7(t—360)
() €08 =755 ) = A1k ) = Piy(r) = 0;
(2)  Assuming the peak charging efficiency for node ki was py; (peax), We always had
a k) = Pk (peak)- With Figure 3, when t = tyeax = 360, p;(r) = Py (peak)- Thus,

teak —360
ay(k;) COS (f’%o)) = Pk, (peak), and then we had ayi) = Py, (peak)- Pi; (peak) could

be estimated with the used data collected in different landing places.

Thus, Equation (10) was changed to Equation (11):

tiy 7t(t — 360)

Pi. cos ———=d¢ =T _ )
" ki (peak) 720 charge—est(k;)
720 7ty — 360) 720 . m(to—360) _

P (peak) —— SIN ———o 3" = Pl (peak) SN — 50— = Teharge—est(ky) (11)

If Teharge—est(k;) and tio were known, we could solve the equation above with
Equation (12):

720

= 2 i 7r 0 . m(tp — 360)

L S— Yo sin 70— 200y 4 360 (12
720pki (peak)( charge—est(k;) ki (peak) 720 )) (12)

where tjy could be obtained with Equation (13):

d ki, — ki
tio = t(ifl)l + Tﬂight(max) x % (13)
max
dy.
where t(;_1); represents the time the UAV left node ki1 and Tgigp(max) X % repre-

sents the total flying time from node k;_; to node k; . It is obvious that Equation (13) is an
iterative equation, where each tjp and t;; in node k; are determined not only by the time the
UAV leaves the previous node kj_1, but also by the estimated charging time Teparge est(k;)
for node k; . However, if the Teparge —est(ly) for any node k; was known in this problem and
to; = 0, it was possible to calculate the total mission time with Equations (6), (12) and (13),
since there were no other variables in Equations (12) and (13).

We defined Teparge —est(;) in Section 3.2 to denote the required charging time on node
ki if py; )y = 1. There was a constraint in regard to the total estimated charging time

Z{“;l charge—est(k;) 1N this problem. It claimed that the total energy charged during the
mission should be the same as the total energy cost during the mission minus the initial
energy the UAV took when the mission started:

L-2 L-2

_ 720 7t(ti1 —360) 720 o3 7Te(tio—360)
igl Tcharge—est(ki) - igl (pki (peak)* sin 172() ~ Py (peak): 7 S 1720 ) (14)
— Pmax dtotal —_ dmax
charge(max) max
where Tfﬁarxge (max) X w shows a constant that shows the total energy needed for

charging if a UAV were to fly along path Py. Array [Teharge—est(k;)s Tcharge—est(ky)s

-+ + Teharge—est(k;_,)| Tepresents the estimated charging time sequence in path Py. Ad-
ditionally, assume all the missions started from t=0, and when the UAVs arrived at the
destination, their batteries were always empty (except in the situation where we did not

need to charge the UAV during the voyage, where T"m X @ < 0, where

charge(max) max
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Zl ] Tcharge—est(ki) = 0). The total mission time when the UAV left node k; was defined as
Tiotal(i) ( € [0, L — 1]). Teogal—iight(i) describes the total flying time when the UAV left node
ki and Tyoa1charge(i) describes the total charging time when the UAV left node k;.

Besides Equation (14), we had another constraint which described the range of the
estimated charging time on each node:

d
Pmax (kw)%(kw+1) Pmax
max l: (Tchaarge(max) W —Rw |, 0] < Tcharge—est(kw) < Tchaige(max) (15)
h R W T Tﬂightftotal( )7Tﬂight(max) Tpmax h th ini
where Rw=} "1 Teparge —est(k;) — yew— charge(max) SHOWS the remaining en-

ergy when the UAV arrived at nodes kyy in Py. Ry, was in minutes, which meant it repre-
sented how much time we needed to charge the UAV to the current remaining energy if

P (1) = 1. To make sure we had enough charged energy to reach node ki1, Teharge —est(ky )

d 1)~
needed to be larger than Max| (Tpmax o) Rw) ,0]. Tyotar(w) Tepresents the

charge(max) ~ dmax
total mission time when the UAV arrived at node kyy.

Let [Xi, X, ..., Xp—2] denote [Tchargefest(kﬁ/ Teharge—est(ky)7 = -7 Tchargefest(kL,z)}f
[Y1, Y2, ..., YL ] denote [Ttotal(l)f Thotar(2)s -+« Ttotal(L—z)}/[Plr P2 ---, PL—2] denote
[PL, (peak)s Pk, (peak)s s Py, (peak)] ] and [di, dg, ..., dp_1] denote
[d<ko>+<k1>r dg) ) -+ A 2) = 1) |- Tem = TEo ey Pm = dmax Fm = Thiight(ma)

d;
and F; = Tﬂight(max) D *
Then, the minimization problem for the total charging time along path Py could be
described as:

min Y1, st Y1 =YL o+F_1;, Yoo
(X1, X2, .., X1.—2] €[0,Tem]

= (@ sin~!( AT (xp_2 (16)

+ pr_» 2 sin %{5—2*%0))) T 360)

g
where for any X; and X, Y- 2 X; = TcmllDi

Tem.

This was a multivariable minimization problem with an iterative expression. Hence, it
was quite difficult to find a globally optimal solution for the total mission time minimization
problem with dynamic charging efficiency in any Py path (in [3], such a path planning
problem was proved to be an NP-hard problem). Even if we simplified the problem by
assigning [Y1, Y2, ..., Y _p] to be integers, the problem became an integer factorization
problem, which could not be solved in polynomial time. Thus, in Section 5.2, we found a
locally optimal solution for Equation (16) instead; then, we proposed a dynamically greedy
algorithm to solve the mission time minimization problem.

and Max[(Tcml% _ Rj),o] <X <

5.2. Locally Optimal CTA

If we only focused on one single iteration of Equation (16), the problem would become
much simpler (the total time for one iteration of Equation (16) could be presented as
Yw = (720 sin l(7209 Xw + P2 sin (YW+EW_36O))) + 360),‘ in such a problem, the
iterative expression was removed). In other words, we considered a locally optimal problem
to assign the charging time among two adjacent nodes k; and k; 1 in path Py. Assume that
when the UAV arrived at node k;, it stored R; energy, while when it left node k;, it stored
R/ energy. Let Ri},,,, denote the maximum value that R could be, and let R;/ . = denote the

when R; > Tcmm). Let t;1 (min) denote the time that the UAV achleves R/, stored energy
onnode k;, tj; denote the actual time the UAV leaves node k; and tj; () denote the time

lmm

minimum value that R{ could be (Ri/,;, = Tem B ]“ when Rj < Tem B 1“ while R;/ .
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that the UAV achieves Ri|,,, stored energy on node k;. Let Ttotal( (i+1) denote the time
that the UAV achieves the required additional energy Rifiore = Rimax — Rilyi, o0 node ki1,

0, TOmex )and R in € 0, Rifnay-

Imax charge(max)
To calculate the total mission time Ty, (4+1)) for this local CTA problem, we used

ti1 as the variable instead of X;, because it described the locally optimal problem more
precisely. Equation (17) shows the way to calculate Ty (i41)) With tiy (obtained by using
Equations (11) and (16)):

Imin

where R}/

720 . m(ty —360) 720 ”(tﬂ(mm) - 360)
T i S et Wit
Rl — Rifin = P —sin 720 pi—_—sin 720
L T(t—360
Tiotal(i,(i+1)) @ sin™ (7207;1 T (Rigtore ) — p‘:“ sin 7ty 360) 70 )
360 AR
— _Pi_gin (tll(r%wo >+Sl (t11+1;12+01 360))+360

Pit+1

(17)

where Rilyore — (Ri — Ri/,;,) represents the estimated charging time on node ki 1.
Therefore, the locally mission time minimization problem could be described with the

following formula using variable t;;:

: 720 ~1 /
min Tiotal(i,(i+1))7 St Teotat(i,(i+1)) = 7 S0 (7359, 7 Ristone)
tire [til (min) /til(max)]
[oh . T[(t'1—360) P . (ti](min) 7360) (18)
o Pi+11 SIN —75 piJ:l sin 720
. mt(ty +F;11—360)
+ sin —HL5H—20 ) o+ 360
. o 7t (miny) —360
where  max {0, (TcmFF—‘ — Ri> < Pi 772t0 7ﬂ(t']720360) - P 77ZTO sin 7t min) ~360) ‘mr;;()) )
20 i1 720 .- Te(tip—360 .
< (Rinax — Ri;mn»tn(max) = (f sin (70 ((Rifnax — Ri) + 01722 sin "1500))) 1360 ) —
i1 (i) —360 E
(720 sin”~ (720p (Rimax — Rilyn) + 012 sin (i) ~360) L ))) +360>. (When R; < Temp, -,
ti1(min) > tio, otherwise, til(min) = tio,)-
After processing a derivation on Equation (17), we had:
diy
B os ﬂ(tiﬁl;%rseo) 99;1 cos n(ti;;osao) (19)
- i 11 —360 ti1 (min) —360 Fj, 1 —360
cos(inogiﬂ Xi— F’ip+11 sin 771(“720 )7Pipﬁ n ( 1 20) ) +sin (11+7‘2*61 ))

In Equation (19), we were able to find that three singular points could possibly be the
candidate t;; to minimize the total charging time between nodes k; and kj1: ti1 (min) ti1 (max)
and the singular point calculated with the following equation with t;; as the variable:

Pi 7t(t;; — 360) 7i(ti1 + Fiy1 — 360)

— =0 20
-~ cos 720 cos 720 (20)

The singular point calculated with Equation (20) was:

m(Fi1) Pi
720 _ COS( 720 b )
til(singular) - = tan™! sin 7(Fir) = + 360 (21)
720

Conclusion 5.1. In the locally optimal problem described in Equation (18), when the solution
of Equation (21) tj1(singutar) WS i [ty (minys it (max)ls Trotal(i,(i+1)) had three candidate extreme
points, which were tjy (singutar)s ti1(min) A4 i1 (max); When the solution of Equation (21) was not in
[ti1(min)» tir(max) ] Trotal(i (1)) had two extreme points, which were tjy i,y and iy (ax)-
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However, we could not make sure which of the candidate extreme points resulted in
Tiotal(i,(i+1)) being minimized by the formulas above. Thus, we needed to divide the prob-
lem into different situations from 5.1 to 5.3, and further analyze the locally optimal problem.

5.2.1. Situation 5.1 p; > pj1q

X1 = ti1(min) 1 the time the UAV needed to charge to have enough energy to reach
node ki1 1; Xp = t;; is the exact time that the UAV left node k;; x3 = xp + Fj;1 is the time
the UAV arrived at node ki 1; X4 is the time the UAV charged for to have enough energy
for the stored energy of R/, to be achieved after a charging process on node k; 1 and
X4 = Tiotal(i,(i+1))- Thus, using Equation (11), the estimated charging time for the UAV to
charge itself from Ry’ . stored energy to R energy on node k; could be calculated with the

following equation:

Tmin

X2
R/~ R . = /X o1, (5 de 22)
v X1

Additionally, the estimated charging time for the UAV to charge itself with enough
stored energy to R/, on node k;;1 could be calculated with Equation (23):

X4
Rl;tore (R/ Rl:nm) (Rlinax Rl;mn) - (R/ Rlimn) (Rlinax {) = /x pki+1(t)dt (23)
3
where Ri/iore — (Rf — Ril;,) represents how much energy was still needed to charge on

node k; 1 to achieve the estimated stored energy Ril;ore-
Combining Equations (22) and (23), we had:

X2 X4
Rl;tore = (Rlénax Rl;mn :/x pki(t)dt+/)( pki+1(t)dt (24)
1 3

Assume in plan A that the UAV leaves node k; at time x,, and then plan B where the
UAV leaves node k; at time xp*. In plan B, x3* = X" + Fj;1 is the time the UAV arrives
at node ki1 and x4* is the time the UAV takes to charge to have enough stored energy of

Riliore- X2* — X2 = x3* — x3, since we had x3 = xp + F;1 and x3* = xo* + F; 1.
Remark 5.1. In Figure 8, if p; > pj11, X2 < 360and x3 < 360, and tll(smgulm) [ i1(min)s til(max)]
We assumed in planA that x2 = tp(singuiar)- Then, in plan B, when 360 = x2™ > tiy(singutar), We

could conclude that x,* < x4.
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Figure 8. Example when p; > p; 1, xp < 360 and x3 < 360 (p; =1, pj.q1 = 0.75, Fiy1 = 23).
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X— +F;1-360)
(pj cos mhx360) 72860) ) mp; .. m(x=360) (pit1cos Tty 360) L) ) _ TP
Proof of Remark 5.1. g = 7o sin—oyp N = 5%
sin %&360) x+Fj11 <360 and p; > p;;1. Then, (picos Ty ) > (P cos 720 )

could be concluded easily. In F1gure 8, assume that x,* is qulte close to xo; then x3* is

quite close to x3* as well. To make - = 0, we had x4 = x4*. Then, to make x4 = x4%,
X2

the bar area formed by four points (x2,0), (x2*,0), (x2, pk1(Xz))' (x2*, pki(xz*)), which can

be represented as f;z 2 P (tde and the bar area formed by four points (x3,0), (x3*,0), (x3,

ki (t )dt, should have the same

area. Thus, if Xo = tjy(singular), We had fxxz* P de = J, 3 0 (ydt when xo* was quite
. . 2 K X3 Pkip

close to x,. It is obvious that only when py(y,) = Py, (x;) did X2 = ti1(sin gutar) hold. Hence,

if x; = til(singular)/ Pki(x2) = Pkisq(x3)

Plisy (xa)) (X3, Plis (x3%) ), which can be represented as | XX33

The following equation shows the relationship between plan A and plan B:

f;f pki(t)dt+ fXX34 Pkir (t) ds )
= fxxf Py e+ [ e de+ (S P (o e (25)
X3 pk1+1 dt +f pk1+1 )dt

With Equation (25), we could conclude that if f t)dt > )Z; 3" Pkm(t)dt/ then
Xg* < Xq.
Then, if we compared fXX; Pi;(t)de and
*—360) 7t(xp* +F;—360)

(pj cos W%T) (Pit1c08 ——=—7—) X" x3*
i > i , we could conclude that sz Piy(t)dt > fX3 Pi, o (1 dt

pki“(t)dt, since Pli(xa) = Pkijr(x3) and

when (x2* — x3) was not a quite small value.

Remark 5.2. If p; > pi41, X < 360 and x3 < 360, and t;y(singuiar) € (tit(min)r ti1 (max) ] Assume

thatxy = tij(singuiary and X2 < xo; similarly, f;zz* Pr;(nde > fx’?* Ok;oy(tyde- Thus, x4 < x4
(The proof is like Remark 5.1.)

Remark 5.3. If pi > pir1, X2 < 360 and x3 < 360, and til(singular) € [til(min)' til(max)]/
Thotal(i,(i+1)) 1S @ convex function in range [ty (ymin), ti1(max)] due to Remarks 5.1 and 5.2. Thus,
Tyotal(i,(i+1)) Should be compared when tjyy = tjy (i) and tiy = tjy(yax) and find the result with the
minimum total charging time.

Proof of Remark 5.3. If p; > pj;q, xo < 360 and x3 < 360, when xo = tjy(sin gular) and
ti1 (sin gular) € [ti1 (min), ti1(max)], we always had x4* < x4. Thus, the result of x4* obtained a

L xq
dgr < 0,

maximum value in plan A. Using Remarks 5.1 and 5.2, 3

when x2* > xp. (x4* had only one singular point, where % = 0, and it decreased either
X2

when xp* < X or xo* > xp). [J

Remark 54. If p; > piy1, x2 < 360 and x3 < 360, and tj1(singutar) & [tit(min)s tit(max)],
til(singular) must be less than til(min) or Zarger than til(mux) If til(singular) > til(max)/ as

; (pi cos ") (Pit cos 7”()(#75& 360)) :
sume X = tij(uay), Since . > 7  Phi(xa) < Phpyy(xy)- Addi-

X
tionally, since tjy(singuiar) % (tit(min)s tit(max)], Xa™ is @ monotonic function by xo*. Then,
+F 360
o (o cos "),
dx

(Pi cos n'(xigé()) )
dy

also by

s tit = i1 (min) Obtains a minimum x4*. More-

_ F,—360
(p; cos T 300) (Pig1 cos 7T(H77lo))
s > ’

over, lf tzl (singular) < tzl(mm) assume X = tzl(mm) since
Oki(x2) > Phiy (xy)- Additionally, since iy (singuiar) & (tit (min)s tit(max)], Xa* s a monotomcfunc—
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— +F; 360
(prcos M) (pusscos "))
X

X

tion by xo*. Then, also by
minimum x4*.

, X" = tit = i1 (smay) Obtains a

Proof of Remark 5.4. Additionally, in Figure 8, if we assumed t;; (sin gutar) > ti1(max) and X2 =

—360 7t(x+F; 1 —360
(F’icosg(xm >) it 50) bal ))
X

(Pit1 cos

ti1(max) then we had x;* < Xz, py; (x2) < Pkii1(xs) and >

Thus, f mde < f Pk, (yde; then, we had f Piq(pde + fXS Py, (ndt < fx)iz Pi, (o de +
fX3 Pl ( )dt (1f we st111 charged the UAV on node le till x4 and we changed the time the
UAV left node k; from x; to xo*, Xo* < xp, the stored energy could extend Ri};... Thus, it
would take less time than x4 to charge the UAV to Ri/;.). Hence, x4* < x4. Since x4* is
a monotonic function by xo*, X4* obtains a minimized value on X;* = tjj(pjn). Similarly, if
tit (singular) < ti1(min), When x2™ = ti1 = tj3(max), X4* would obtain a minimized value. [J

X

Remark 5.5. Similarly to Figure 8, if p; > piy1, x3 > 360, xp < 360, we would have a
similar conclusion to Remarks 5.3 and 5.4: when p; > pit1, if i1 (singutar) € (tit (min)r it (max) ]
the result of should be compared when tjy = tjj(yin) and tiy = ti1(pay), and the result with
the minimum total charging time should be found, while if ti(singuiar) € [Ei1(minyr tit(max) ]
when by (singutar) > tit(max) th = tit(min) has the minimum total charging time, and when
tit(singular) < ti1(min)s ti1 = Ei1(max) has the minimum total charging time. (It can be easily proved
with the same steps as those in Remarks 5.1.-5.4).

Remark 5.6. In situation 5.1, if x5 > 360, t;1(singular) could not be larger than 360 when p; > pj1.
Thus, it is obvious tjy = t;(;uax) was the solution of Equation (17) under this situation.

Proof of Remark 5.6 p;(xy) > Phiys(xa)r Phiss(x2) > Phiva (xs)r TUS Oki(x) > Phiy () STMELATTY,
Pki(x2*) > Phipy(xs7)- Thus, fxx: Pr;(nde > f;;s Ok, (1)t Hencexs* < x4, and the more we
charged the UAV on node k;, the less total charging time we obtained.

Operation 5.1. When p; > piy1, if isingutar) € (tit(min)s  ti1(max)], we compared
Tyotar(i,(i+1)) |t = tit(min) and Ttotal(i,(i+1))’ti1 = ti1(max) and chose the CTA plan with a smaller

Ttotul(i,(i+1))' If til(singulur) > til(max)/ we chose til‘ : t'il(min) to minimize Ttotﬂl(i,(i—l—l))' while lf
til(singular) < til(min)r we chose tj) = til(max) to minimize Ttotul(i,(i+1))'

5.2.2. Situation 5.2 p; = p;11

. E
Remark 5.7. When p; = pj1, if til(singular) € [til(min)/ til(max)]r 360 — til(singular) = ;1
. Assume X3 = tiy(singular), When x3* < xp, we had x4 < x4. When x> x,, we also had
x4" < xq. Thus, Tyopai(i,(i+1)) 18 @ convex function in range [ty (min), ti1 (max) ], the same as situation

5.1. Hence, if we compared Tyopq (i (i11)) ’tn = tit(min) 34 Tooral(i,(i+1)) | ti1 = ti1 (max), We found
the minimized Ty,tq1(; (i11))- (The proof is like Remarks 5.1.-5.3).

Remark 5.8. When Pi = Pi+1, lf til(singulur) ¢ [til(min)r til(max)]/ and lf til(mux) < til(singular)/
i1 = til(min) resulted in a minimized value Of Ttotul(i (i41)) /‘lf til (min) > til(singulur)/

Tiotan(ii+1))

Thota(i (i+1)) ‘til = b1 (max) Tesulted ina minimized value of Tyopay(; (i1))- (The proof is like Remark
5.4.)

Operation 5.2.  When Pi = Pi+l lf til(singulur) € [til(min)/ til(max)]/ we ComP’l”Ed

Thotar(iyi+1)) [t = tit(min) and Ttoml(l‘,(l‘+l))‘ti] = ti1(max) and chose the CTA plan with a smaller
Ttotul(i,(iJrl))' If til(singular) > til(max)/ we chose tjy = til(min) to minimize Ttotal(i,(iJrl))' while if

til(singular) < til(min)r we chose tj) = til(max) to minimize Ttotul(i,(i+1))'
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5.2.3. Situation 5.3 p; < pj1q

Remark 5.9. Like Remark 5.6, if p; < pi1 and x3 < 360, then tyy(singular) & [til(min)/ ti1 (max) -
Since f;;* Pk, < fxx:* Okiy (0t tit = tit(min) Tesulted in a minimized total charging time
Tyotal(i(i+1))-

Remark 5'1O'yfpi < Pi+1and xa > 36.0/’155umex2 = til(singulur)/til(singular) € [till(min)r til(max)]f
Tyotar(iy(i+1)) 15 a convex function i range [til(mm), til(mx)]. Thus, if we compared

tin = tit(min) 1A Tyorar(i (i1 1)) ’til = i1 (max), we found the minimized Tyopa1(; (i11))-

Tyotal(ii+1))

lf til(mﬂx) < til(singular)/ Ttotal(i,(i+1)) th = til(min) resulted in a minimized Wlueof Ttotﬂl(i,(i—i—l));Zjr

til(min) > til(singular)f Ttotul(i,(i+1)) tin = til(mux) resulted inaminimizedvalueof Ttotal(i,(z’+1))'

Remark 5.11. In remark 5.10, if x; < 360 and x3 > 360, we obtained the same conclusion
as Remark 5.10. In conclusion, when x3 > 360, if ti(singular) € (tit(min)r it (max) ] and if we

compared Tiopay(; (i41)) | Ei1 = ti1 (min) 319 Troran(i (i41)) )til = {1 (max), we could find the minimized

Ttotul(i,(i+1))' If til(max) < til(singular)/ Ttotal(i,(i+l)) ’til = til(min) resulted in a minimized value
Of Ttotal(i,(i+1)); lf til(min) > til(singulur)/ Ttotul(i,(iJrl)) th = til(max) resulted in a minimized
value of Ttotal(i,(iJrl))'

Operation 5.3. When Pi < Pitts lf til(singular} € [til(min)/ til(mux)]/ we ComPWEd

Thotar(iyi+1)) [tit = tit(min) 14 Tiopa(i (i+1)) |Ei1 = ti1(max) and chose the CTA plan with a smaller

Ttotal(i,(i+1))' If til(singular) > til(max)/ we chose tﬂ. : t.il(min) to minimize Ttotul(i,(i—l—l))r while lf
til(singular) < til(min)/ we chose tjy = til(max) to minimize Ttotul(i,(i+1))'

Operation 5.4. In different situations, if tij(singuiar) € [tii(min)s tit(max)], we compared

Tyotar(i,(i+1)) [tit = it (min) A4 Tiopan(i (i+1)) ‘tﬂ = ti1(max) And chose the CTA plan with a smaller

Ttotal(i,(iJrl))' If til(singular) > til(mux)/ we chose til‘ : tjl(min) to minimize Ttatal(i,(iJrl))/ while if
til(singulﬂr) < til(min)/ we chose tj) = til(max) to minimize Ttotal(i,(i+1))'

5.3. Dynamically Greedy CTA Algorithm

Section 5.2 shows all the situations we were met with in the locally optimal CTA
problem described by Equation (18). tjj(min) could be calculated in any known path P.
However, tjj(max) was not determined in the locally optimal problem. If we applied the
CTA algorithm to this problem and used the peak charging efficiency in each node as the

statically charging efficiency, we could predict a proper tij(max)-

[Tcharge—est(kl)r Tcharge—est(kz)r sy Tcharge—est(lq__z)} (shown in Figure 9) could de-
scribe different charging time assignment plans obtained in this problem, as follows in the
image shown.

Tch.a.rgefest(_ k) - Tchm‘ge*esttk.-;_‘.» Tchm‘gefest[_ks‘)

Figure 9. Charging time assignment example using Algorithm 1.

The grey bar means we only charged enough power on the current node to reach
the next node, while the black bar means we charged the UAV to a full battery state.
If we only modified the two adjacent CTAS Tparge est(k;) a0 Teharge—est(k;. ), and kept
Teharge—est(k;) T Tcharge—est(k;,,) unchanged, the CTA problem among node k; and ki
became a locally optimal problem, as discussed in Section 5.2. Combining Algorithm 1 and
Operation 5.4, we proposed a dynamically greedy CTA(DG-CTA) algorithm as an advanced
greedy algorithm. The DG-CTA algorithm focuses on CTA problems with dynamically
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charging efficiency. Please note that if the two adjacent nodes were both assigned charging
times to charge the UAV to a full battery state, or both to charge the UAV only enough
power to reach the next node, we could not apply any changes, since there was only one
CTA plan for the current Tparge est(k;) T Tcharge—est(kis1)-

Algorithm 3 shows the DG-CTA algorithm which improved Algorithm 1 regarding its
dynamically charging efficiency. Assume t;;/ is the new operated time that the UAV left
node k; at.

Algorithm 3: DG-CTA algorithm.

Input: Path Py, graph G, peak charging efficiency p; for all the nodes in Vi,

Output: Total charging time along Py and the arrival time/leaving time for each node
Perform Algorithm 1 and find all stayed nodes in path Py as a new path Py/ (L—length (P})),
while all the possible unpruned paths are generated

1. Fori=1:L-2,

2. If p{ < p{,, //Situation 5.2.3 is solved with Operation 5.4

3. If til(singular)/ € [ti/l(m‘m)’ til(max)} and

/ /
Thotal(i,(i+1))|tir = t1(min) > Ttotal(,(i+1))/| i1/ = ti1(min)/ >

4. ti1/ = ti1 (max) /-
5. Else, if i1 (sin gular)/ < t; (min) i/ = ti (max)”"
6. tir/ = til(max)/
7. Else, if t{; (singular) > ti1 (max)’
8. ti1/ = i1 (min)/
9. End
10. Else, if p{ > pj, 1/, //Situation 5.2.3 is solved with Operation 5.4
11. If til(singular)/ € [til(min)// till(max) and
Tiotal(i,(i+1))! |t = Ha(min) < Trotal(i (i+1))” |tit! = ti1 (max)’
12. t, = ti/l(min)
13. Else, if 1 (sin gular)/ < t; (min)
14. th = ti1 (max)/
15. Else, if t/, (singular) > fi1(max)’
16. ti1/ = i1 (min)/
17. End
18. Else //Situation 5.2.2 is solved with Operation 5.4
19. If til(singular)/ € [til(min)// til(max)/ and
Tiotal(i,(i+1)) |t/ = tir(min)’ > Trotal(i,(i+1))’ |t = ti1(max)’
20. ti1/ = ti1(max)/
21. Else, if 1 (sin gular)/ < t; (min)
22. t1 = i1 (may)
23. Else, if t{usmgular) > ti1 (max)/
24. ti/ = tiy (min)/
25. End
26. End
27. Return |t}o, thy, ..., V(sz)o}f [t/n, 1 -0 Hiop

Algorithm 3 was applied to find the optimal charging time assignment plan in any
dynamically charging efficiency environment and could be tested by comparing the total
charging time it found with what the other algorithms found. Algorithm 3 was in O(n).
However, since the result of Algorithm 1 was required in Algorithm 3, the actual running
time of Algorithm 3 was in O(n?).

5.4. Heuristic Algorithm Based on DG-CTA

Although Algorithm 3 did not take too much time compared with the discrete enumer-
ate algorithm (which enumerated the minute assignment plan for the CTA and could not be
solved in polynomial time), the traversal of paths using the DFS algorithm combined with
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the CTA algorithms was still time-consuming, because Lemma 4.1 could not be applied
in this scheme. To further reduce the total running time of the algorithm, we proposed
a heuristic algorithm for the SPU path planning problem with dynamically charging ef-
ficiency. The purpose of this heuristic algorithm was to quickly find candidate optimal
paths with smaller distances and larger averaged charging efficiencies in the early path
generation process. The first NOPpax paths with the smallest cost among all possible paths
were chosen to be put in the candidate path set. The best path we found with the heuristic
algorithm was the one with a minimum total mission time among all the paths in the
candidate path set.
The cost function of the heuristic algorithm was:

Pmax

h(a) = z(letotalfﬂight(est) + ’YZTCharge(max)

Ttotal—ﬂight(est) - Tﬂight(max) )

26
Pa(k) Tﬂight(max) @)

where p, (i) is the averaged charging efficiency on path Py. v and 7y, are the weight factors
for the heuristic cost function and y; +v, = 1.
Algorithm 4 shows the detail of this heuristic algorithm:

Algorithm 4: DG-CTA-based heuristic path planning algorithm.

Input: Path Py, graph G, peak charging efficiency py (peak) for all nodes in Vi,

Tiotal(MEFT) = Ttotal(Dijkstra)s NOPmax which represents the number of candidate paths

Output: Minimized total mission time Ty, and optimal path Poptimal

Variables: a, Py, i

1. Run DFS path generation algorithm on path Py, calculate the cost for each path using
Equation (26)

2. Sort all possible paths by the cost and find the first NOPnax paths as the candidate path set
3. //Build the candidate path set

4. Fori=1:NOPpax

5. Calculate Ty, (5) for ith path in the candidate path set using Algorithm 3
6. If Ttotal(a) > Ttotal(MEFT)'

7. Py is pruned.

8. Else,

9. Ttotal(MEFT) = Ttotal(a) and Poptimal =Py

10. End

11. End

12.  End//calculate mission time for paths

13.  Return Ttotal(MEFT) and Poptimal

Algorithm 4 was applied to find the optimal path for the SPU delivery problem in
the dynamically charging efficiency environment, and could be tested by comparing the
total mission time it found with what other algorithms found. Since Equation (26) required
a running time in O(n), the cost and path generation process required a running time of
O(n3). Thus, let the sorting process take O(n?), so the total time cost for the candidate path
set building process is in O(n%). To find the path with a minimized mission time, it required
a running time of O(NOPmax X nZ). Since NOPpax was a constant in this problem, the
total running time of Algorithm 4 was in O(n?®). As shown in Section 8.2, the performance
of our proposed algorithm was much better than any other existing algorithms (Algorithms
3 and 4 can only be used in solar-powered UAV systems, since the optimization analysis in
this section was performed on a solar-powered UAV path planning model).

6. UAV Delivery Mission Arrangement for Urban City

Finally, with the single SPU path planning problem solved, we optimized the problem
described in Equation (7). In our study, the city map was divided into different local city
maps based on the service area of the stores. Thus, we did not find nearby UAVs as [2] was
able to.
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However, in practical UAV delivery systems, the landing places on a city map may
not always be available for the following reasons:

1.  The landing spaces may be fully occupied.
2. The landing space may not be open at certain times.
3.  Bad weather may be forecasted.

To manage more than one UAV delivery mission, we needed to consider the factors
above. Aiming at the first reason, we needed to give the UAV missions different ranks to
determine which UAV was chosen to take the limited space in each crowded landing place.
Alongside the problems above, we also needed to update the city map and rerun the path
planning algorithm in special cases.

6.1. UAV Mission Arrangement Protocol to Solve Space Limitation

We proposed a rank-based protocol in our SPU delivery system to solve the space
limitation problem in landing places. Before introducing the algorithms and protocols, we
needed to initialize the landing places’ occupation status SO(city) = {SO1,SO;, ..., SOn}
and the UAV mission rank status SM(city) = {SM;,SMy, ..., SMpn}. n is the num-
ber of nodes in the local city map and m is the number of missions for the current
daytime. SO; < Lgo, where Lgp is the maximum number of UAVs that could stay
in a landing place (the existing technique from [21] allowed UAVs to recognize dif-
ferent landing points where different specific landing points were drawn in different
shapes or colors). The SO(city) is a real-time function sequence, such as SO(city) =
{SO4(t),SOx(t), ..., SOn(t)}.SO;(t) = 0 means that there were no UAV missions that
decided to land on it. SM; represents the current rank of mission j. Assuming we had an ini-
tialized estimated arriving time for all missions of Typ(initiaty = {Tmp1, Tmp2, - -+, Tmpm ),
and at the end of each stop of any UAV, we updated a new estimated arriving time to be

TMP(realtime) - {TMP(realtime)llTMP(realtime)Z/ s TMP(realtime)m}/ SMi(initial) = Tmp1. The
rank of the mission was calculated using Equation (27):

SM;(update) = T1TmP1 + T2 (TMPl - TMP(realtime)l) (27)

where 11 and T, are parameters which balanced the contributions for ranks with the
estimated total mission time and the customers” additional waiting time, T; + 1 = 1.
Missions with a higher rank had higher weight to charge on a crowded landing place.
Then, we proposed the following delivery mission arrangement protocol to deal with
the space limitation problem in landing places:
Delivery mission arrangement protocol:

1. First, we applied Algorithm 4 to each mission and built a database of SO(city) =
{501 (t), SO, (t), ey SOn(t)}, TMP(initial) = {TMpl,TMpz, ceey TMpm} and the path
information PMP(initial) = {PMPl/ Pumpa, -, PMpm}.

2. For any occupation function of SO (t), if in any SO;(t) we had SO;(t) > C, C was the
capacity of the landing place. Then, we needed to arrange the missions that would
arrive at the node i. We then had to find missions C that had the highest weight and
kept their fight mission plan unchanged. Assume SO;(t) = K.

3. For missions with lower weights, other than the first C missions, we ordered them by
their mission weights. Choosing missions from a higher weight to lower weight, we
reran Algorithm 4 and pruned the current path Pypj, then found other paths until a
path did not pass node I, or when during the landing time of a newly generated path,
node i was not fully occupied.

4. Once the path plan for mission j was updated, we updated SM;j, SO;(t), TmP (realtime)j-
If no possible path could be found for mission j, Typp1 = Timp1 + 720 (minutes), and it
was delayed to the next day.

5. Wereturned back to step three and changed the mission path plan for the next mission.
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6. After we ensured SO;(t) < C at all times of day, we went back to step two and
changed the mission path plans for the mission in the next node.

With the rank of the mission introduced, the spaces for landing places could be well
scheduled without any conflicts.

6.2. Local City Maps Updating Protocol

The algorithms we proposed before was aimed at local city maps, which are different
from the integrated city map. While initializing the integrated city map and the local city
maps, we considered each partitioned region (local city map) to be the same as the service
region for stores by their delivery companies. However, in the following cases, we needed
to update the region partition for stores in a city:

1. Some nodes in a local city map could not be reached by the store in charge of
that region.

2. It always took less time to reach a node from other stores than the store serving the
node’s region.

3. Some nodes were not available, and the owners reported the situations.

Hence, we proposed the following strategy as a protocol to update the local city map:

1. When a mission could not be completed because a landing place could not be reached,
we calculated whether stores from the adjacent service regions could reach that
landing place, and then updated the local city map of the current store and the store
that could reach that node with a minimized time.

2. A simulation program wan run to calculate the mission time for each node to fulfil
the delivery from a store in the current local city map and other adjacent local city
maps. Suppose that node a is currently in a region with service covered by store A,
and store B has a shortest mission time to reach the node compared with all other
adjacent stores; in that case, this node should be removed from the local city map for
store A and added to the local city map for store B.

3. When any unavailability of landing places was reported, the local city map temporar-
ily removed it and added it back when it was available again.

6.3. Real-Time Rerouting Protocol

In our proposed SPU delivery system, when a bad weather prediction report was
received, the missions related to the corresponding region needed to be rerouted to avoid
accidents or to reduce the total mission time.

A bad weather report included the following three conditions:

1.  The cloudy level exceeds the threshold of the UAV charging process taking a much
longer time.

2. Itisraining in this region and the UAVs are not able to fly.

3. The wind speed level exceeds the threshold that UAVs can fly safely with payloads.

When these bad weather reports were received, the related UAVs were rerouted. The
landing places these UAVs currently stayed on or the next landing places they would have
arrived at could be the start node of a new routing problem. In emergency cases, we applied
Algorithm 4 with a smaller NOPyy to quickly reroute the UAVs.

With the proposed protocols in this section, the delivery missions in the city map were
well organized and the problems we were met with in the system could be solved.

7. SPU Delivery Feasibility Study

Before we started the experiments to test the path planning algorithms proposed in this
study, the feasibility of solar-powered UAV delivery work needed to be discussed. Since
the subject of this paper was the path planning algorithms proposed for solar-powered
UAYV delivery systems, we did not expand on how to implement solar-powered UAVs for
delivery, we just showed the prototype and proof that it is feasible in modern techniques.
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As we discussed before, we chose a transformable solar-powered UAV [22] with solar
panels because of the following reasons: (1) it is not possible to build runways for fixed-
wing UAVs to take off or land on in crowded cities [24] and (2) it is not practical to use
solar-powered UAVs with the solar panel expanded [25] to perform delivery works, since
the large area taken over by solar panels must highly reduce the flying speed and safety.

However, the transformable solar-powered UAV from [22] was not practical, since
it was not proven to be safe if such types of solar-powered UAVs with payloads were
processing a transformation in the sky. In addition, it is difficult for a transformable
solar-powered UAV in the fixed-wing state to adjust its flying direction. As a result, this
kind of UAV is not quite practical for UAV delivery missions, since the purpose of our
solar-powered UAV system was to deliver accurately and on time. Hence, we preferred a
new type of transformable solar-powered UAV that only harvested solar energy during
the landing time with the solar panel expanded. Additionally, when lifting-off and flying
in the sky, the solar panel should be folded to guarantee the speed and safety of the
flight. This new prototype of solar-powered UAVs was called transformable delivery
solar-powered UAVs (TDSPUs). As a result, the energy consuming model of TDSPUs was
like that of normal quadcopters [26], and the energy harvesting model was like that of the
solar-powered quadcopter from [27].

At the beginning of the feasibility study of TDSPUs, we needed to make sure solar-
powered UAVs could take payloads. From [27], we knew that 88 pieces of SunPower
C60 solar cells, each with dimensions of 12.5 x 12.5 cm?, required an area of 13.75 m? and
provided 293.92 W of power in standard test conditions. Such solar panels required a
payload of 1.2 kg and an extra 1.13 kg due to the construction constraints.

When looking at the most advanced quadcopter designed to carry payloads this
year [28], the total mass of the quadcopter was 10.3 kg, and the payload was 5 kg. With
the solar panels installed, the additional payload of this quadcopter was still more than
2.5 kg. Despite innovations in solar panel efficiency in recent years, it would be feasible for
TDSPUs to take payloads with a maximum mass of 2.5 kg.

Secondly, we needed to find a proper flight duration for TDSPUs, so that we could
perform experiments to test our proposed algorithms. The flight duration of the quadcopter
needed to be reduced due to the change of structure, and the full payload it took. Thus, let
us assume it was reduced from 55 min to 25 min.

Then, based on [28], the advanced quadcopter used a lithium polymer battery, which
has a capacity of 2 x 21,000 mAh = 42,000 mAh. Assume that the battery charging ef-
ficiency is 90%, the MPPT efficiency is also 90% (in [29], the battery charging efficiency
and MPPT efficiency for lithium polymer batteries charged by SunPower C60 solar cells
were both 90%, whereas the other two efficiency parameters in [29] were only used
for fixed-wing types of UAVs, so we did not consider them here), so the power har-
vested by the battery from the 88 pieces of SunPower C60 solar cells can be calculated as
293.92 x 90% x 90% = 238.08 W and the battery voltage is 22.2 V. Then, the total energy
that could be generated from this battery was 42 x 22.2 x 3600 = 3,356, 640 ]. Then, the esti-
mated charging time to charge the UAV from 0 to a full battery state was
TOmax = 3,356,640 + 238.08 = 234.99 min.

charge(max)
Finally, to improve the safety of the delivery mission, we assumed that the UAVs had

a speed of 1m/s [4], so that dmax = 1 X 25 x 60 = 1.5 km. Then, we showed an instance of
how a UAV finished a delivery mission during the daytime.

Assume our SPU system could assign a UAV with a mission from node one to node
four, and the UAV is able to harvest solar power on node two and node three. The distance
between these nodes was: di_,» = 1;dy_3 = 0.6; d3_,4 = 1.2. The UAV started its mission
at 6:00 am and charged itself on landing places as much as the system assigned.

At time t1g = tg + 11—5 x 25 = 16.67 , the UAV would arrive at node two. Then, assume
the peak charging efficiency on node two was 0.6, and the system assigned the UAV to charge
on node two to obtain only enough energy to reach the next node. Using Equation (12),

tn = 22sin ! (7755 (23499 x 9 +06 x Zsin TUOF ) ) 1360 — 111.76. Then,
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with Equation (13), tyg = t11 + %g x 25 = 121.76. Assume the peak charging efficiency in node
three was 09, still  using  Equation  (12), t1 = 20 gin~1
(7as (23499 x 12 + 0.9 x 20sin M50 ) 4 360 — 5371.29. Then, finally, the time

the UAV arrives at the destination node four is t3g = t); + % X 25 = 391.29. In other words,
the UAV could finish its mission at 12:31 pm.

As a result, TDSPUs were feasible under today’s techniques to finish delivery mis-
sions. Additionally, we believe that with the development of UAV technology and solar
panel technology, such kinds of solar-powered UAVs are likely to become more and more
utilitarian in our daily lives.

8. Experimental Results

The experiments in this section were performed on MATLAB. We simulated the
process of UAV delivery missions on a local city map built with landing places and stores.
For each delivery mission, we recorded the total time cost for any single delivery mission
using our proposed algorithms and other existing algorithms. The parameters were chosen
from Section 7.

8.1. Simulation of Proposed Algorithms (Statically Charging Efficiency)

As discussed in Section 2, previous studies about UAV delivery path planning prob-
lems could be classified as Dijkstra-based algorithms and heuristic algorithms. Since it
is difficult to determine the parameters in previously proposed heuristic algorithms for
SPU path planning problems in a dynamically charging efficiency environment, we only
compared our proposed algorithms with Dijkstra-based UAV path planning algorithms.

The GOA was compared with the following two kinds of Dijkstra-based UAV path
planning algorithms according to the total mission time:

1. Distance-based Dijkstra algorithm which did not apply our optimal CTA
algorithm (D-Dij)

(Distance-based Dijkstra means the cost function in the Dijkstra algorithm only con-
cerns flying time, which was mentioned in [8]. A Dijkstra algorithm that did not apply
the optimal CTA algorithm meant that the UAVs always charged themselves to a full
battery state. In addition, to make the comparison fairer, if the UAV arrived at a node that
could reach the destination on path P, the UAV only charged enough power to reach the
destination instead of to a full battery state. This operation exhausted the UAV’s battery
when it arrived at the destination, just like what we assumed in Section 4).

2. Weight-based Dijkstra algorithm which did not apply the optimal CTA
algorithm (W-Dij)

(Weight-based Dijkstra means the cost function in the Dijkstra algorithm was calcu-
lated through the summation of the flying time to reach the next node and the charging
time on the next node to compensate for the energy consumed during this flight [8].)

Each time running a case, we generated an H x H km? local city map. The density of
landing places varied from 40 to 60 and 80 per 49 km?, with a uniform distribution.

Assuming that Ty, ;(Goa) represents the averaged total mission time for the pruned
GOA (Algorithm 2), and Ty, (pjj) represents the Dijkstra algorithm applied in [2], the
percentage of time saved by the GOA algorithm was:

N Ttotal(Dij) - Ttotal(GOA)

Efcoa (28)

Ttotal (Dij)

The following diagrams describe when H was fixed, the minimum charging efficiency
(MCE) in the local city map ranged from 0.1 to 0.9 (nine points total) and the percentage
of time saved by the GOA algorithm compared with different kinds of Dijkstra algo-
rithms. The improvement was measured using Equation (28), and we only showed the
maximum improvement.
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Based on Figure 10, we could conclude that our GOA algorithm showed a remarkable
improvement compared with the Dijkstra algorithms. As the MCE increased, the improve-
ment by the GOA compared with D-Dij dropped linearly, while the improvement by the
GOA compared with W-Dij would not decrease so quickly when the MCE moved closer
to one.

o
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i ; 2 1
— max.improvement by GOA compared with D-Dij
— max.improvement by GOA compared with W-Dij

|
=

(=3}
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o
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Figure 10. Cont.
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Figure 10. (a—c) Maximum improvement by the GOA, where the number of nodes were 40, 60, and 80

(in Figure 10, max. improvement represents the maximum improvement an algorithm could achieve,

and min. charging efficiency represents the minimum possible charging efficiency in the city map).

These great improvements happened in special cases, where the following situa-
tions occurred:

1. None of the paths found by the Dijkstra algorithm were the optimal path.
2. The CTA plan by the Dijkstra algorithm was not optimal.
3. The variance of charging efficiency along the candidate optimal paths was large.

The improvement by the CTA algorithm contributed more to the experiment results
for special cases. In some paths, if we used the CTA plan of the Dijkstra algorithms,
UAVs would always charge themselves to a full battery state. However, if the charging
efficiency of landing places in the early trip was low, and the charging efficiency of landing
places in the later trip was high, our CTA algorithm charged the UAV less early in the
trip, and then charged more time later in the trip; then, the total charging efficiency for
the mission was improved. If the charging efficiencies for nodes on such paths had a
large difference, the optimal CTA plan chosen by our CTA algorithm could obtain a large
percentage of improvements when compared with the Dijkstra-based CTA plans. The
different path planning results between the GOA and Dijkstra algorithms also contributed
to the improvement, since the paths found by the Dijkstra algorithms were sometimes
not the optimal path (proved in Section 4). As a result, in the situation that nodes in the
candidate optimal paths had large differences (or, in other words, the variance of charging
efficiency along the candidate optimal paths was large), the GOA could achieve great
improvements when compared with the Dijkstra algorithms. For example, in Figure 10a, the
GOA (Algorithm 2) could save 80% mission time compared with Dijkstra-based algorithms
when the MCE was 0.1 on a local city map. Let Tynning(pruned) Tepresent the total running
time for the GOA with pruning, and Ty nning(unpruned) répresent the GOA without pruning;
therefore, the ratio of Trynning(unpruned) t© Trunning(pruned) Would be:

Trurming(unpruned)

ERruning =
pruning T

(29)

running(pruned)

Then, the ERpryning using the GOA with pruning compared with the unpruned GOA
is shown in the following diagram:
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The result from Figure 11 shows that the pruning strategy could exponentially reduce
the running time of the GOA when the number of nodes in the local city map increased.

140

|—ratio of time (unpruned GOA:pruned GOA]|

120 1

100

80 1

60 r

ratio of time

40 r

20 ¢

0
40 50 60 70 80 90 100 110 120

number of nodes
Figure 11. Ratio of time (unpruned GOA: pruned GOA).

8.2. Simulations of Proposed Algorithms (Dynamically Charging Efficiency)

For the experiment in the dynamically charging efficiency scheme, our proposed
DG-CTA algorithm was compared with the CTA plan proposed by the Dijkstra algorithms
(always charging the UAV to a full battery state) and the CTA algorithm using Algorithm 1,
which we proposed in Section 4. Since this was a comparison between CTA algorithms, the
paths needed to be fixed. We chose every ten paths that had the minimized total Dijkstra
distance in each topology and applied different CTA algorithms.

The heuristic algorithm combined with the DG-CTA algorithm was compared with
W-Djj in this experiment as well.

These special cases from Figure 12 described by the red curve happened when Algorithm
1 had an opposite local CTA plan to Algorithm 3. For example, if the charging efficiency in
the first landing place was a little higher than the second node, then Algorithm 1 assigned
the UAV to charge to a full battery state. However, since it was early in the morning, the
charging efficiency on all the nodes was low. Then, our DG-CTA algorithm assigned the
UAV to charge only long enough to have enough energy to reach the next node, because the
charging efficiency increased dramatically in the morning, and it was more efficient to charge
on the next node. As a result, based on Operation 5.4, in the case of when the UAVs arrived
at nodes with higher charging efficiencies in the morning or the late afternoon, the DG-CTA
algorithm had different results compared with Algorithm 1; then, the improvement by the
DG-CTA was obvious.

Described by the blue curve, the special cases where the DG-CTA had a great improve-
ment compared with the weighted Dijkstra-based CTA plans happened when the DG-CTA
had a remarkable improvement compared with Algorithm 1 and the variances of charging
efficiency along the paths were large.

The special cases described by the green curve that our heuristic algorithm had a
great improvement compared with the weighted Dijkstra algorithm happened when the
DG-CTA algorithm already had a great improvement and there was a better path chosen
by the heuristic algorithm compared with the Dijkstra algorithms.

In conclusion, although our DG-CTA-based heuristic algorithm was not the globally
optimal solution, it could still achieve a large amount of improvement compared with
existing CTA algorithms. Moreover, our proposed heuristic algorithm could achieve a
great improvement compared to the existing Dijkstra algorithm in dynamically charging
efficiency schemes with an acceptable running time. For example, in Figure 12a, Algorithm
4 could save 70% of the mission time compared with the Dijkstra-based algorithms when
the MCE was 0.1 on a local city map.
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Figure 12. (a—c) Maximum improvements by Algorithms 3 and 4, where the number of nodes were
40, 60, and 80 (in Figure 12, DG-CTA represents Algorithm 3, and heuristic represents Algorithm 4;
CTA represents Algorithm 1, and Dij represents the scheme where UAVs always charged themselves
to a full battery state on each passed node).

percentage of time saved by Algorithm 3, 4 (%)



Drones 2022, 6, 282 32 of 33

9. Conclusions

In this paper, a solar-powered UAV delivery system was proposed to extend the
endurance of UAVs for delivery missions. To find the globally optimal solution to the UAV
path planning problem in the statically charging efficiency scheme, we proposed a very
efficient pruning-based globally optimal algorithm. When considering the routing solution
according to the dynamically charging efficiency environment, we also proposed a DG-CTA-
based heuristic algorithm. Finally, we designed mission arrangement protocols to manage
the UAV delivery missions and solve system-level issues in the SPU delivery system.
Simulation results showed that our proposed algorithms had significant improvements
compared with previous algorithms when applied in the SPU schemes.

For future research, it is suggested that solar-powered UAVs should be able to auto-
matically find the landing places during voyages by themselves. In addition, we plan to
study the path planning problem and the system model in UAV delivery systems with
more dense landing places deployed.
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